A method is presented and demonstrated for optimizing the selection of sample locations for variogram estimation. It is assumed that the distribution of distance classes is decided a priori and the problem therefore is to closely approximate the preselected distribution, although the dispersion within individual classes can also be considered. All of the locations may be selected or points added to an existing set of sites or to those chosen on regular patterns. In the examples, the sum of squares characterizing the deviation from the desired distribution of couples is reduced by as much as 2 orders of magnitude between random and optimized points. The calculations may be carried out on a microcomputer. Criteria for what constitutes best estimators for variogram are discussed, but a study of variogram estimators is not the object of this paper.
INTRODUCTION
Geostatistics is applicable to a variety of problems in hydrology and soil science. The variogram is the key function which quantifies the interdependence of sampling locations; i.e., two samples from nearby locations tend to be more alike than two taken from widely separate locations.
One of the first steps in the application of geostatistics is the determination of the variogram. The variogram must, in general, be estimated from the data, and then a model is selected which satisfies the positive definite condition, as well as being compatible with the data in some appropriate sense, such as cross-validation. Whether the sample variogram is used or one of other proposed estimators, it is necessary to generate paired differences. The characteristics of the set of paired differences are crucial to the efficiency of the variogram estimator. In turn, these characteristics are strongly influenced by the sampling plan.
For any sampling exercise, the location of sites is a consideration. There are two obvious considerations for sample site selection: one pertains to the estimation of variogram and the second concerns the use of data for kriging but assumes the variogram has previously been determined. In the latter case, the kriging variance can be used to construct an objective function and that problem has attracted the interest of a number of authors [cf. Burgess et al., 1981; McBratney and Webster, 1983] . We shall only consider the problem of variogram estimation and only the problem of site selection, rather than that of the derivation of alternative estimators. Our work extends that of Russo 1-1984] , who discussed the optimization of location selection based on homogeneity within classes of a given lag tolerance. Bresler and Green [1982] discuss the use of randomly generated sample locations to ensure that the distribution of class numbers be as close to uniform as possible.
The objective of this paper is to develop a method to choose sample locations, optimized with respect to prespecified distributions of couples for the distance classes. A second criterion based on the dispersion of separation distances within each Copyright 1987 by the American Geophysical Union.
Paper number 6W4737. 0043-1397/87/006W-4737505.00 class is given. The scheme may be used either for choosing a complete set of points or to select additional points in order to augment an existing set of points or those of a specified pattern, such as along a transect or on a regular grid. The complete problem of what constitutes the best selection of points is not our objective; however, we will suggest appropriate criteria for that characterization.
It is assumed that the ideal distribution is decided a priori. We are simply developing a scheme to meet prespecified constraints. Suppose then that N locations are to be selected, then there are N(N -1)/2 pairs. In general, the number of pairs for short lag distances is small as is the number for large lag distances. The greatest number of couples occurs at approximately half the maximum separation distance. Moreover, there may be excessive dispersion within each distance-angle class, resulting in excessive averaging. Without loss of generality assume distance classes are defined by 0, h•, ---, hNo whre NC is the number of classes. For the isotropic case the hi's are simply distances. For the class h i, let f• denote the number of pairs; i.e.,f• = n(hi). It is immediate that NC hence we can only apportion the pairs between classes in some optimal way.
We can now identify a number of properties that are necessary or desirable but which, in general, are in conflict, as follows.
1. For each distance-angle class, the number of pairs should be as large as possible, particularly for short distances.
2. The average of the distances in each class should be close to the plotted lag. Figure 3a) . The simulation was cut-off after 350 iterations for which the minimum couples in a class was 33 (see Table 2 ).
Example 5
As a final example, we choose 30 points at random and choose classes according to direction as well as separation distance. The couples are separated into horizontal and vertical with coarse windows of _ 45 ø so as to include all couples. The distance increments are specified as in example 1. The resulting pattern after 100 and 300 iterations are shown as Figure 3b . The p6ints initially move toward two small clusters of 8 and 22 points, respectively. The SS goes from an original 0.31 to 0.0071 and 0.0049 after 100 and 300 iterations. After 300 iterations, the largest deviation is at the lowest class intervals where 12 and 8 couples were found for the horizontal and vertical compared to just under 22 for exactly 5% of the couples. The maximum couples in any size was 28, and only 5 couples were separated by more than 200 m.
DISCUSSION
Too often data are collected prior to determination of the intended statistical analysis. For some techniques it is sufficient to utilize random sampling with a large sample size. When applying geostatistics, however, it is not sufficient to simply choose a sample size, nor is random sampling sufficient to allow statistical inference on the variogram. The procedure given herein shows that reasonable criterion may be used to choose sample locations and to assure satisfying conditions designed to enhance the reliability of the sample variogram as What is the best scheme for locating sampling sites? This problem does not have a simple solution, but some observations are possible. If the only purpose is to satisfy preset variogram couples, then a pattern can be generated to come very close to meeting the specifications, even for large class separation distances. The system will lead to a total set of points concentrated in area which is about equal to the largest class specified (see Figure lb) . If the maximum class separation is large, the points will be over most of the field (compare example 4). A combination of a coarse fixed grid and some random points (compare example 2) would seem to provide sufficient uniformity in the distribution of separation distances and at least sparse coverage of the overall field. Thus the data could also be used to interpolate for unsampled sites after modeling the variogram. The success of the directional search (example 5) suggests that patterns optimized for at least two directions can be set up with little extra effort. Debatably, a sound general strategy would be to use a fixed grid for half the points with the other half selected to give half vertical, half horizontal and class sizes specified up to about one half the maximum dimension of the field. Another possibility would be to choose locations in stages, but with sites randomly chosen for each stage, if the desire is to have at least a few sites in all parts of the field. The number of samples necessary can be gauged by dividing the total couples N(N --1)/2 by the number of couple classes to observe whether each group contains at least 30 couples or whatever is desired.
Determining the full consequences of the sampling pattern on the estimation of the variogram is an important problem, but beyond the scope of this study. What we have done here is to illustrate that we can meet reasonable specifications of separation groups.
